INTRODUCTION
The Rho proteins are members of the Ras superfamily and control signal transduction pathways by linking cell surface receptors to a variety of intracellular responses. They are, for example, involved in every cellular process that is dependent on cytoskeletal organization (1, 2) , in many stages of neuronal development and morphogenesis (3) (4) (5) and in almost every stage of tumor progression and tumor angiogenesis (6, 7) . The Rho family consists 22 genes in humans, encoding at least 25 signaling proteins, of which only RhoA, Rac1 and Cdc42 have been studied in detail (8) . Rho family proteins share a core GTPase (G) domain with various conserved motifs involved in nucleotide binding and hydrolysis ( Fig. S1 ) (9) . They act as a binary molecular switch between an inactive, GDP-bound state and an active, GTPbound state (10) . Most Rho proteins, which undergo a relatively large conformational change at two regions of the G domain, called switch I and switch II, cycle between active and inactive states (11) . Such cycle is driven by two rather slow reactions, GDP/GTP exchange and GTP hydrolysis, which are normally accelerated by the guanine nucleotide exchange factors (GEFs) and the GTPase activating proteins (GAPs), respectively (12) (13) (14) (15) . The large number of GEFs (>74 members) and GAPs (>84 members) for Rho proteins in humans reflects the diversity of their signaling networks (1, 5, 16) . However, overall functional properties, including catalytic efficiency, substrate selectivity, structural specificity and biological activity of the vast majority of these signaling molecules are unknown and await detailed investigation. Two unrelated human GEF families for Rho proteins have been described, a diffuse B-cell lymphoma (Dbl) family and dedicator of cytokinesis (Dock) family (17) . A third Rho protein-specific GEF family is represented by the SopE/WxxxE-type exchange factors that are classified as type III effector proteins of pathogenic bacteria (18) . In comparison to eleven human Dock family proteins, there are 74 multimodular Dbl proteins (12, 14, (19) (20) (21) (22) (Tab. 1). Spatio-temporal regulation of the Dbl proteins has been implicated to initiate activation of substrate Rho proteins and to control a broad spectrum of normal and pathological cellular functions (5, 12, 16, 23, 24) . Thus, it is evident that members of the Dbl protein family are attractive therapeutic targets for a variety of diseases (25) (26) (27) . Dbl homology (DH) domain is the signature of all Dbl family proteins and consists of around 200 residues (Tab. 1). In the majority of Dbl family proteins, the catalytic DH domain is followed by a pleckstrin homology (PH) domain of around 100 residues (Tab. 1) indicating an essential and conserved function (19) (20) (21) (28) (29) (30) . In addition, Dbl proteins contain diverse sequence motifs and structural domains, which can play a role in autoregulation, subcellular localization and connection to upstream signals (14, 24) In this study we have performed a meta-analysis of Dbl and Rho proteins by deducing sequencestructure-function relationships among all Dbl and Rho family members. Therefore, we used the large number of accessible structural and functional data, deduced sequence alignments and evolutionary comparisons, and systematically assessed in an ensemble approach various biochemical aspects of the Dbl-Rho protein interactions, including catalytic activity and efficiency, structural specificity and substrate selectivity of 21 representative Dbl proteins and 12 GEF-competent Rho proteins. The extracted data at the final stage enabled us to predict selectivity of 74 Dbl proteins and their assignments to distinct groups.
as described (32) . Rho protein preparation, including nucleotide-free and fluorescent methylanthraniloyl (mant) GDP-bound Rho proteins were prepared as described (31) . Purified proteins were snap frozen in liquid nitrogen and stored at -80°C.
Kinetic measurements.
All fluorescence measurements were performed at 25°C in buffer containing 30 mM Tris/HCl pH 7.5, 10 mM K 2 HPO 4 /KH 2 PO 4 pH 7.5, 5 mM MgCl 2 and 3 mM DTT. The dissociation of mantGDP from 12 different Rho proteins (0.1 µM) in the absence and presence of the DH-PH domain (10 µM each) of 21 Dbl GEFs (DH domain only in for Tuba) individually in presence of EDTA (10 mM) and GDP (20 µM) was monitored in a time-dependent manner using a stopped-flow instrument (HiTech Scientific SF-61) with mercury xenon light source and TgK Scientific Kinetic Studio software (version 2.19 ) for fast kinetics (<1000 sec) and in a Perkin-Elmer spectrofluorometer (LS50B; Norwalk, CT) for slow kinetics (>1000 sec) as described before (29) . The association of AEDANS-labeled RhoA with DH-PH domain of Dbl proteins was measured under pseudo-firstorder conditions using stopped-flow instrument (HiTech Scientific SF-61) as described (29, 33) . The excitation wavelengths were 366 nm for mant and 350 nm for AEDANS. Emission was detected through a cut-off-filter of 408 nm for both mant and AEDANS in stopped-flow. The observed rate constants were calculated by fitting the data as single exponential decay using the GraFit program (Erithacus software).
RESULTS

Not all Rho proteins need GEFs
There is a large number of Rho-related proteins in the human genome (8, 34) , whose activation via the GDP/GTP exchange mechanism presumes the existence of an intact guanine nucleotide binding site as well as catalytic residues dictating the GTP hydrolysis reaction. The very slow intrinsic nucleotide exchange reaction of the G domain can be accelerated by several orders of magnitude by the function of the DH domain of the Dbl proteins (29) . The C-terminal hyper-variable region (HVR) and posttranslational modifications have been shown to influence the exchange reaction (35, 36) . Multiple sequence alignment of 25 different Rhorelated proteins revealed that only the phosphate binding (G1-G3 motif) and magnesium binding (G2 motif) residues are largely conserved throughout the Rho family whereas guanine base binding residues (G4 and G5 motifs) are only weakly conserved (Fig. S1 ). In the course of this work two questions arose: 1) which of these 25 proteins (Fig. S1 ) can be structurally and functionally assigned to the Rho family. 2) Which of the Rho proteins are susceptible targets of the Dbl family proteins. Miro and RhoBTB proteins show high variability within the amino acids that bind the base and the ribose of the nucleotide, raising the question of guanosine specificity of these large, atypical Rhorelated proteins. Due to the instability of their Gdomains expressed in Escherichia coli we could not analyze the nucleotide exchange characteristics of these proteins so far. From sequence analysis it is clear that the G-domain of RhoBTB3 is poorly conserved (Fig. S1 ) and does not possess much similarity to the other RhoBTB family members 1 and 2. Interestingly, Espinosa et al. have shown that RhoBTB3 protein binds and hydrolyzes ATP rather than GTP (37) . Therefore, we excluded RhoBTB3 from the typical Rho family. Miro1 and Miro2 contain two G domains (termed Miro1n or Miro2n and Miro1c or Miro2c, for N-and C-terminus G domain, respectively), in which only the N-terminal G domain, Miro1n and Miro2n, have certain similarity to typical Rho proteins. Miro proteins can also be excluded from the conventional Rho protein family (Fig. S1 ) since they neither have the Rho insert helix nor the C-terminal CaaX-motif (8) which are characteristic features of Rho family proteins. Rnd1, Rnd2, Rnd3 and RhoH/TTF do not share several conserved and essential catalytic amino acids, including glycine at position 12 (Ras or Rac1 numbering) and glutamine at position 61 (Ras or Rac1 numbering; Fig. S1 ). Thus, they are deficient in GTP hydrolysis (38-43) and may not undergo a regulation by the conventional GDP/GTP cycling mechanism (42) . Apart from these Rho family members Rac1b, an alternative splice variant of Rac1, reveals an accelerated GEF-independent GDP/GTP exchange due to a 19-amino acid insertion present next to the switch II region (44) (Fig. S1 ). Taken together, we propose that 15 out of 25 Rhorelated proteins are regulated by the conventional GTP/GDP cycle, from which 3 (Wrch1, Chp1, G25K) are not covered by this study. Purified Wrch1 and Chp/Wrch2 proteins were not stable in our hand and G25K as a splice variant of Cdc42 with identical G domain but different C-terminus was excluded. We successfully purified 12 Rho proteins, i.e. RhoA, RhoB, RhoC, Rac1, Rac2, Rac3, RhoG, Cdc42, TC10, TCL, RhoD and Rif, which have been recently characterized regarding their intrinsic function (42) .
Challenges in GEF research
By searching for DH domain-containing proteins in the human genome we identified 74 Dbl proteins (Tab. 1). Interestingly, 9 Dbl proteins lack a tandem PH domain, of which 3 contain instead of the tandem PH domain a membrane bending and tubulating BAR (Bin/amphiphysin/Rvs) domain (Tab. 1). The existence of 74 Dbl proteins in humans strongly suggests that a single Rho protein can be activated by several Dbl proteins to potentially regulate multiple signaling pathways. A literature survey showed that the current state of knowledge is limited to the activity of 44 Dbl proteins and to only Cdc42, Rac1, RhoA and partially also RhoG using various methods and conditions (data list not shown). In spite of their significance, data reported so far do not allow general conclusions about selectivity, efficiency and specificity, mostly due to a large variation of methods and experimental designs. To revise this status quo we performed a metaanalysis, aiming to evaluate a sequence, structural and functional relationship of large sets of Dbl and Rho proteins under cell-free conditions and to classify proteins of Dbl protein family into the distinct subfamilies regarding their substrate selectivity and signaling specificity. The prerequisite was to determine the GEF activity of various, well-investigated, representative Dbl proteins towards purified 12 Rho proteins (i.e. RhoA, RhoB, RhoC, Rac1, Rac2, Rac3, RhoG, Cdc42, TC10, TCL, RhoD and Rif), susceptible to nucleotide exchange (42) . For this reason we compiled published data regarding both, biochemical data describing GEF activity of the Dbl family proteins for their substrate Rho proteins (data list not shown) and retrieved threedimensional structures of Rho and Dbl proteins, and their complexes (Tab. S1), respectively. This led us to investigate the activity of 21 Dbl proteins as highlighted in Table 1 Figure 1 as bar diagram and as summarized in Table 2 in fold activation. Notably, we excluded seven Dbl proteins from this list (Tab. 1) as they did not exhibit any activity for the Rho proteins tested in this study (data not shown).
Most Dbl GEFs are highly selective
The data presented in Figure 1 show that the investigated Dbl proteins exhibit high selectivity for the Rho, Cdc42 and Rac proteins. These include LARG, PRG, p190, p115, which are specific for RhoA, RhoB and RhoC; Tiam1 for Rac1, Rac2 and Rac3, and ASEF, ITSN1, hPem2 and Tuba for Cdc42. TrioN, Vav2, Dbs, Dbl and PRex1, on the other hand, turned out to exhibit a surprisingly broad range of activity. Notably, the GEF activities vary to a large extent (Fig. 1) thus greatly increasing the complexity in the issue of substrate specificity. To shed more light on this issue we also considered the data in terms of fold activation, which reflects the capacity of the respective Dbl proteins to accelerate the intrinsic nucleotide exchange of the Rho Proteins (Fig. 2) . Fold activation was obtained by dividing the k obs values of GEF reactions by the k obs values of the intrinsic reactions ( Fig. 1 ). Taken together, five observations emerge from our comprehensive analysis: (i) there is more than one specific Dbl protein for each Rho protein except for RhoD and Rif (Fig. 1); (ii) RhoD and Rif exhibit different and unique features as none of investigated Dbl proteins were active on these distant members of the Rho family; (iii) TrioN, ITSN1, ASEF and Vav2, and perhaps also hPem2 and Tuba are `mono-specific´ meaning that they exhibited by far the highest activity for one member of the Rho family (Fig. 2A) ; (iv) LARG, PRG, p115, p190 and Tiam1 are `isoform-specific´ (Fig. 2B) ; (v) Dbl, Dbs and PRex1 are `oligo-specific´ meaning that they are able to significantly accelerate the nucleotide exchange of 5 to 9 different Rho proteins. It is rather remarkable that TrioN, ITSN1, ASEF and Vav2 share a striking feature as they revealed mono-specificity for one of the twelve Rho proteins ( Fig. 2A ). Trio is a multidomain protein closely related to Kalirin. A characteristic feature of these two Dbl proteins is the presence of two tandem DH-PH domains. Data for the N-terminal DH-PH of Trio, TrioN, showed that it has the highest activity for RhoG, which is as compared to its substantial selectivity on Rac isoforms and also on TCL up to three orders of magnitude higher (Tab. 2). The latter is quite surprising because TrioN and also PRex1 are the only Dbl proteins, which increased the nucleotide exchange reaction of TCL significantly stronger than that TCLrelated Cdc42 or TC10 (Fig. 1 ). The activities of ITSN1 and ASEF towards the Rho proteins are strikingly comparable being the far highest for Cdc42 ( Fig. 2A) . ITSN1 significantly accelerated also the nucleotide exchange of RhoG and TC10 but not of TCL (Fig. 1) . Two other Cdc42-specific Dbl proteins are presumably hPem2 and Tuba, which exhibited a rather moderate GEF activity ( Fig. 2A ; Tab. 2). Vav2 mono-specificity for Rac1 is rather remarkable as its activity is 180-fold higher as that for Rac2 or Rac3 ( Fig. 2A) . A sequence and structure analysis of Rac proteins did not provide any obvious explanation. The differences can be therefore attributed to overall structural deviations as discussed previously for Tiam1 (45) . Apart from its high activity on Rac1, Vav2 acts on 7 other Rho proteins, including Rho isoforms, RhoG and Cdc42 (Tab. 2). In contrast to Vav2, the isoform-specific Dbl proteins (Fig. 2B) show different activity and selectivity. Amongst them are LARG and Tiam1, which revealed the highest and the lowest GEF activities towards RhoA and Rac3, respectively (Tab. 2). Oligo-specific Dbl proteins, to which we count definitely PRex1, Dbl and also Dbs, exhibited clearly GEF activities for different Rho proteins (Fig. 2C) . However, PRex1 has unique characteristic as it is able to activate almost all analyzed Rho proteins, including TC10 and TCL ( Fig. 1 ; Tab. 2). Notably, PRex1 did not act on RhoD and Rif. Similarly to PRex1, also Dbl, Dbs and Vav2 (ignoring its Rac1 specificity) are not strictly selective. They are inactive on RhoD and Rif as well as TC10 and TCL. Not only these but also all other Dbl proteins investigated in this study exhibited any activity on RhoD and Rif. This is rather interesting and points on the unique status of this group of Rho proteins, which are due to their rapid intrinsic nucleotide dissociation rather comparable to Rac1b, an alternative splice variant of Rac1 (42, 44) .
New insights from differential catalytic efficiencies
Another main finding of our analysis is a broad spectrum of catalytic efficiencies and substratespecific properties of 14 Dbl proteins for 12 Rho proteins, which range from 5-fold to almost 60,000-fold acceleration of the intrinsic nucleotide exchange (Tab. 2). To illustrate this explicitly, we plotted all 168 pairs of Dbl and Rho proteins (yaxis) against fold activation (x-axis) in a numeric order starting with LARG-RhoA with the highest efficiency (57,100-fold) and ending with LARGRhoD with no activity ( Fig. 3 ; Tab. 2). Overall, the Dbl-Rho protein pairs were subdivided in five groups based on their catalytic efficiency to enhance the intrinsic nucleotide exchange of the Rho proteins. It is quite remarkable that multiple Dbl proteins, including LARG, PRG, TrioN, ITSN1, ASEF, Dbl and Vav2 act very efficiently (LARG and PRG on RhoA and RhoC; TrioN on RhoG; ITSN1 and ASEF on Cdc42; Dbl and Vav2 on Rac1) (Fig. 3) . The intermediate efficiency group consist of the Dbl members p190 and p115 (29) as well as the oligo-specific Dbl proteins PRex1, Dbl and Dbs. We indexed also Tiam1-Rac2 to this group as Tiam1 clearly revealed lower specificity for Rac1 and Rac3, as previously discussed (45, 46) . The third group with low efficiency is populated not only by Cdc42-specific hPem1/Collybistin and Tuba, Rac-specific TrioN but also by PRex1, Dbl, Dbs, Vav2 and TrioN with broad specificity. Caution should be applied when looking at the data of group four (20-5 fold), which belong to the lowest activity, for instance Tiam1-RhoB, ASEFRhoG or LARG-Rac1 (Fig. 3) . We scored this group in spite of their articulate GEF activities as inefficient pairs. All other 94 pairs with an output of less than 5-fold activation were graded as an inactive pool due to inherent and systemdependent interaction mechanisms between two interactive protein families. There are two major mechanisms that may control the catalytic efficiency of the Dbl proteins under the conditions used in this study, either the association of the Dbl protein with the GDP-bound Rho protein or the nucleotide exchange reaction itself. To examine whether an associationcontrolled mechanism is a reason for the extreme differences in the catalytic efficiency, we used fluorescently labeled RhoA that allows real-time measuring of its association with Dbl proteins (29) . We selected four Dbl proteins (LARG, p190, Vav2 and TrioN) with different efficiency towards RhoA and measured their association with its inactive GDP-bound form. As shown in Figure 3 (inset), there is a clear correlation between both the nucleotide exchange and the association reactions. These data strongly suggest that the catalytic efficiency of the Dbl proteins is directly proportional to their association rate constant (k on ) of the GDP-bound Rho proteins. Previous mutational studies of Rho-selective Dbl proteins have shown that the residues responsible for faster association and therefore high catalytic activity reside mainly in the N-terminal region of the DH domain (29) . Additional studies are needed to justify this observation for other Dbl subfamily proteins.
Hotspot identification in protein interfaces
The large number of structures that are available for RhoA, Rac1 and Cdc42 in complex with various Dbl proteins (Tab. S1) provides a unique opportunity to study the common interaction characteristics. We calculated the relative number of interactions for all interacting residues and plotted them as histograms in Figure 4 . This nicely shows that the interaction hotspots are restricted to certain regions on both partners, including the switch regions in the G domain of the Rho proteins and conserved regions 1 and 3 (CR1 and CR3) as well as the -helices 8 and 13 of the DH domain of the Dbl proteins. However, such sequence-structure relationships between Rho protein members and various DH-PH tandems raise the question how the selectivity of the Dbl proteins for their substrate Rho proteins is achieved. To address this question, two strategies were employed in this study to investigate systematically the sequence-structure-property relationship of the interaction between Dbl and Rho proteins. In the first strategy, the pairs of interacting residues (`interacting pairs´ deduced from the histograms in Fig. 4) were combined with two multiple sequence alignments of the Dbl and Rho proteins analyzed in this study to build up a structure-based interaction matrix. The corresponding matrix shown in Figure 5 provided a complete overview of the conservation of respective amino acids utilized by the DH-PH and the Rho proteins upon interaction. In the second strategy, we generated structure-based conservation maps of 12 Rho and 74 Dbl proteins and projected them on the complex structure of G domain of RhoA and DH-PH domains of LARG, respectively (Figs. 6A and 6B). The results of these analyses remarkably provided several novel insights into structure-function properties and evidences for the assignment of the Dbl family to subfamilies. To obtain the interacting pairs, multiple sequence alignments of 12 Rho and 74 Dbl proteins, respectively (Figs. S1 and S2) were first created using MUSCLE program (47) and the sequences. The interacting residues within a distance of 4.0 Å were then extracted from 13 crystal structures of Rho and Dbl protein complexes (Tab. S1). All pairs of interacting residues were enlisted in the interaction matrix (Fig. 5) , which enabled us to identify hot-spots of the interacting interface of Dbl and Rho proteins. From 129 total interacting pairs 53 were found to be involved in the complex formation of the DH domain with RhoA, Rac1 and Cdc42 and 11 of them are present in all 13 crystal structures (Fig. 5 , orange boxes and cyan residues; Fig. 6A) . A substantial number of amino acids of various DH domains are bi-specific and make contacts with two Rho proteins (light orange for RhoA and Cdc42; lime for Rac1 and Cdc42 and light purple for RhoA and Rac1). The majority of the mono-specific interacting pairs we found in Rac1 and RhoA complexes (green and red boxes) and to a lower extend in Cdc42 complexes (blue boxes). The crystal structures of the Dbl-Rho protein complexes have shown that both the DH and PH domains of some Dbl proteins (Dbs, PRG and LARG), but not all, directly contact the G domain of the Rho proteins (Tab. S1) (20, (48) (49) (50) (51) . Here, the tandem PH domain is engaged in the interaction with only RhoA (PRG, LARG) or both RhoA and Cdc42 (Dbs) via the switch II and 3-helix regions (Figs. 4 and 5) . It is, however, important to mention that even the members of a subgroup of highly related DH-PH domains may have different orientation with respect to the substrate Rho protein. For example, p115, PRG and LARG are Rho-specific Dbl proteins but only the PH domain of PRG and LARG contributes the acceleration of the nucleotide exchange reaction of RhoA (29) . In the end, the orientation of PH domain with respect to substrate Rho protein may be strongly influenced by the target membranes (14, 21, 30) , a scenario that remains to be investigated.
The conservation of amino acids was calculated from multiple sequence alignments of 12 Rho and 74 Dbl proteins and mapped on the surface of the RhoA and LARG structures, respectively (Tab. S1, PDB 1X86). As depicted in an `open book´ view in Figure 6A , highly conserved interacting amino acids (white-colored area) are clustered on the surface of the DH domain and the switch regions of the Rho proteins. Seven residues of interacting interface on both sides are identical through all 14 Dbl proteins and 12 Rho proteins investigated in this study ( Fig. 6A ; red-color residues). Most interestingly, all identical residues of the Dbl proteins contact predominantly switch I region of Rho proteins that also possess identical residues. We thus postulate that general recognition of Dbl and Rho proteins most likely rely on the interaction of identical residues in the interface between the DH and G domains (Fig.  6A) . Although the whole interacting interface contributes to the binding and acceleration of nucleotide exchange, we postulate that observed differences in catalytic efficiency and selectivity reside in the interaction between switch II of the G domain and a variable interacting patch of the DH domain (Fig. 6A ).
An unresolved issue is the question why some Dbl proteins are highly efficient while others are limited by their relatively low efficiency in catalyzing the nucleotide exchange. A detailed sequence-structure analysis of the Dbl and Rho family proteins could not also explain why some GEFs are active on some Rho GTPase but inactive on others. Although our study provides notable data about the catalytic activity and the selectivity of the DH domain, the mechanistic complexity of the nucleotide exchange reaction require further investigations to elucidate the impact of sequence deviations among DH domains of Dbl proteins and G-domains of Rho proteins regarding the catalytic efficiency.
DISCUSSION
Since the discovery of the Dbl protein in a human diffuse B-cell lymphoma (52) a large number of Dbl-like proteins has been identified that emerged as crucial signaling molecules because of their involvement in almost every cellular process (12) (13) (14) (15) 21, 22, (53) (54) (55) (56) . The fact that their `inter-action´ with the majority of the Rho proteins was not well investigated inspired us to perform a comprehensive and multi-approach study. It provides principal insights into the structural and functional characteristics of the Dbl proteins in relation to the acceleration of nucleotide exchange of the Rho protein family. Our analysis has provided novel insights into: (i) understanding the common properties and relative differences of various Rho protein members in nucleotide exchange; (ii) comparing and defining individual and overall GEF activities of a large representative set of the Dbl family proteins towards 12 Rho proteins; (iii) grouping the Dbl family into functionally distinct categories based on both, their catalytic efficiencies and their sequencestructural relationships; (iv) identifying conserved amino acids as fingerprints of the Dbl and Rho protein interaction; (v) defining amino acid sequences conserved within, but not between, Dbl subfamilies. Therefore, the characteristics of such specificity-determining residues identified the regions or clusters conserved within the subfamilies.
Fingerprints of the Dbl and Rho protein interaction
R923 and K899 of LARG have been described previously as selectivity-determining residues (48, 51, 57) . R923 makes multiple interactions with acidic residues D45 (N43 in Cdc42 and Rac1) and E54 (T54 in Cdc42 and Rac1) of RhoA. K899 interacts with D76 of RhoA (Q76 in Cdc42 and Rac1). These contacts are conserved in LARG, PRG, p190 and p115 (Fig. 5 ) and therefore this group of Dbl proteins do not activate Cdc42 and Rac1. Another common residue within the conservation profile of these RhoGEFs, is D928 of LARG in the vicinity of two conserved basic residues of RhoA (R5 and K7) and makes H-bond to its W58 (Fig. 5) . These three residues are considered as fingerprint of Rho-specific Dbl proteins as all Cdc42-specific and Rac1-specific GEFs lack analogous basic and acidic residues. L1376 of ITSN1 has been previously described as a Cdc42 selective residue (48) as it makes contact with F56. It has been suggested that ITSN1 cannot bind Rac1 and RhoA because they have the large side chain of Trp at the corresponding position of F56 in Cdc42. Accordingly, ITSN1
L1376I has been shown to act on Rac1 as it relieves the steric overlap caused by W56 (48) and reciprocally Rac1 W56F has been shown to be activated by ITSN1 (58) . Conservation profile of Dbl family proteins considering ITSN1 and ASEF as Cdc42-specific representatives showed another conserved hydrophobic residue F1374 of ITSN1, which is a Tyr in majority of other Dbl proteins (Figs. 5 and S2). F1374 does not directly contact Cdc42 but most likely stabilizes contacts formed by L1376 of ITSN1. Focusing on Rac1-specific Dbl proteins, I1187 of Tiam1 at the equivalent position to L1376 of ITSN1 may dictate the selectivity of this subfamily. I1187 is involved, together with H1178, E1183 and S1184, in the interaction with W56 (59). Other fingerprints (R1201, E1202 and L1203) were identified when we considered the conservation profile of Dbl family proteins specially Tiam1, TrioN and Vav2 as Rac1-specific representatives. In Tiam1, E1202 is in close vicinity of T35 of Rac1, a contact which is most likely stabilized by the adjacent R1201 and L1203. The fact that we could not work out more unique conserved residues in Dbl proteins or distinct patches within their interacting interface is most probably due to the complex and multifaceted mechanism of the GEF-catalyzed reaction (see below). We think that concerted interplay of a defined subset of specific residues are engaged in the individual, successive steps of the nucleotide exchange process, including the association of the Dbl proteins with the GDP-bound Rho proteins. The structure of the latter complex awaits to be determined.
Specificity -a matter of definition
Considering the large spectrum of individual Dbl/Rho protein activities (Figs. 1-3 ) it becomes clear that the concept of substrate specificity, assumed to reside in the structural complementarity between the interacting pairs, awaits further detailed definition. A fundamental question raised is to what extend the catalytic efficiency signifies specificity. For instance, looking from the Dbl protein side of view, highly active Dbl proteins with distinct differences in activities can be classified as specific in the case of LARG/RhoA, TrioN/RhoG, PRG/RhoA, LARG/RhoC, ITSN1/Cc42, ASEF/Cdc42 and Vav2/Rac1. Moreover, huge differences in the activity become obvious if we, for example, compare the efficiency of LARG on the Rho isoforms (10,000-to 57,000-fold) with that of Tiam1 on the Rac isoforms (65-to 308-fold). This becomes more complex if we compare PRex1 and TrioN activities for the Rac isoforms (518-to 945-fold versus 22-to 75-fold), where Tiam1 lays in between (Tab. 2). Other GEFs, including hPem2 and Tuba show generally a very low activity (belonging to the Dbl family members with low catalytic efficiency; Fig. 3 ). They can be associated in terms of specificity only with Cdc42 ( Fig. 2A) . In all cases, where Dbl GEF activity towards Rho proteins has been observed, are referred in the literature as `specific´. Important is to note that specificity cannot be valued as high or low; for example, we cannot pronounce the observed differences between PRex1, Tiam1 and TrioN regarding their GEF activity towards the Rac isoforms as high, intermediate and low specific, respectively. And also we cannot pronounce PRex1 is `specific´ for almost all investigated Rho proteins except RhoD and Rif just on the basis that all these Rho proteins can be activated by PRex1. This is because the activation rates of PRex1 for Rho proteins vary from 0.0017 up to 0.189 sec -1 . Same is true for Vav2, which is able to activate RhoA/B/C, Rac1/2/3, RhoG and Cdc42. if PRex1 and Vav2 in tube are mixed with all these Rho proteins they can be GEF for all respective Rho proteins. Thus, the term `selectivity´ (often used above) or alternatively `preferentiality´ in this respect seems more appropriate. Specificity should be very precise and must be determined not only by two interacting individual components but also by other domains and motifs as well as by external components, e.g. cellular niche and time. Therefore, we think that specificity in this case is rather determined by the ability of full-length Dbl protein to activate Rho proteins at a given time and a proper niche at the cell membrane and not by intermolecular interaction between two isolated subdomains in a test tube.
Considering the expression pattern of the genes related to PRex1, Tiam1 and TrioN as well as the Rac isoforms, specially Rac1 and Rac3, in the brain (60) it is tempting to postulate that Rac proteins in fast (high velocity) signaling processes are primarily activated by PRex1, due to its higher efficiency as compared to Tiam1 or TrioN. The fact that Rac proteins exist in different subcellular compartments (data not shown), and consequently control distinct cellular processes strongly suggest that they are activated by distinct, signalingspecific Dbl proteins. In vitro studies have shown that Tiam1 mediated Rac activation in a conjunction with the Par polarity complex is essential for the establishment of apical-basal polarity of epithelial cells and interference with either Tiam1 or the Par complex facilitates epithelial-mesenchymal transition (EMT) and migration of cells (61) . Interestingly, the same Par-Tiam1 complex also regulates front-rear polarity and directional migration in dissociated migratory epithelial cells (62) . Dbl proteins also function in polarization process in other cell types. A Par/Tiam1/Rac complex in conjunction with Cdc42 plays an essential role in chemokineinduced cell polarization and chemotactic migration of T cells (63) . Evolution of both Dbl and Rho proteins may not only be directed by their mutual interaction but also by their signals for subcellular localization. Taking into account that additional circumstances in cells contribute to the activity of signaling pathways, presence of adaptor and scaffolding proteins, the lipid membrane, and obviously other domains of the Dbl proteins, it becomes clear that the measured in vitro activities of the individual Dbl/Rho protein pairs are just one of many parameters determining the course of signal propagation. For example, PRex1 activates Rac in response to G protein-coupled receptors by G (64) whereas Rac-induced activation by Tiam1 has been implicated to be mediated by Ras in response to the receptor tyrosine kinase activation (65) . The unique characteristics of Dbl, Dbs and particularly PRex1, which were able to act on almost all analyzed Rho proteins, excluding RhoD and Rif, raises the question of whether this kind of Dbl proteins is utilized by cells reciprocally as a universal activator of Rho proteins at distinct compartments. Another example is Trio, which is a multidomain and thus multifunctional protein closely related to Kalirin. A characteristic feature of these two Dbl proteins is the presence of two DH-PH tandems and a C-terminal serine/threonine kinase domain. Our data show that the N-terminal DH-PH of Trio TrioN exhibits the highest activity for RhoG but it has substantial activities on Rac isoforms and also on TCL. The activity towards TCL was quite surprising because TrioN did not show any activity on related proteins, including Cdc42 or TC10. This protein is obviously able to switch between Rac/Cdc42 and Rho specificity (66) . It remains to be determined to what extend the inclusion of adaptor and scaffolding proteins and/or the association with lipid membrane contributes to the signaling efficiency and specificity of the full length proteins. Taken together, we propose that the ability of recruiting a Dbl protein at a given time and a proper cellular niche provides specificity for targeting membraneassociated Rho protein.
There are indeed multiple determinants dictating localized recruitment, activation and function of Dbl proteins in cells, including distinct protein and lipid interaction domains and motifs, as well as post-translational modification (15) . Association of the tandem PH domain with phosphoinositides has been proposed to localize Dbl proteins to the plasma membrane (20, 67, 68) . Phospholipid interactions are undoubtedly important for the Dbl proteins, containing PH domains, but additional protein-protein networks are also necessary to stabilize the local position of the DH domain in the vicinity of the cognate Rho protein at the membrane. An N-terminal PH domain can localize Tiam1 to the plasma membrane (69) . Mutation of this PH domain affecting the intracellular localization of Tiam1 have been found in 10% of analyzed samples from human renal cell carcinomas (70) . Vav proteins require in addition to the DH-PH a zinc finger domain for their biological activity and employ other domains, including SH2 and SH3 domains, for the translocation to the plasma membrane or the calponin homology domain for the autoregulation (71) . A C-terminal proline-rich region of Sos1 interacts with the SH3 domains of Grb2 or E3b1 and differentially modulates Sos1 GEF activities (72) . Interaction of Sos1 with E3b1/Abi-1 leads to the formation of a complex with Eps8 and activation of Rac1 (73, 74) while interaction with Grb2 enables it to form a complex with activated tyrosine kinase receptors and thereby activation of Ras (75) . A large number of the Dbl proteins contain a C-terminal PDZ-binding motif, which may act as another signature for interaction with PDZ domain-containing proteins and for localization of the Dbl proteins at specialized regions in the cell (24) . Little is known about the modulation of the specificity and activity of Dbl proteins. Scaffolding proteins and posttranslational modifications of bi-or oligo-specific Dbl proteins are possible integrating mechanisms to shift their specificity towards one or the other substrate Rho protein (76) . Ccpg1, a regulatory scaffold protein, has been shown to shift the Dbs specificity towards activation of Cdc42 but not RhoA (77) . Direct interaction with or/and phosphorylation by receptor tyrosine kinases is another mechanism to localize various members of the Dbl family, which in turn transduce specific extracellular signals on to Rho proteins (78) . EphA4 receptor-binding Ephexin is such a Dbl protein, which has been suggested to be Cdc42-and possibly Rac-specific under resting condition and Rho-specific when EphA4 receptor is activated (79) . Another case of receptor-mediated recruitment and activation is PRex1, which requires interaction with both PtdIns(3,4,5)P 3 and the membrane associated G subunits of heterotrimeric G proteins to mediate a subset of Rac-dependent neutrophil responses (80) .
Classification of Dbl family proteins into distinct subfamilies
Considering the above results and data available in the literature and public databases, another key issue we addressed was the classification of the Dbl protein family regarding their substrate selectivity and specificity. This was achieved by utilizing various data sets and resources, of which the determined substrate selectivity of 14 Dbl proteins for 12 Rho proteins (Figs. 1 and 2 ) provided a fundamental basis for our subsequent predictions. Therefore, integrated sequence-structure analysis extracted from literature (29, 48, 49, 51, 57, 81) and depicted in the interaction matrix (Fig. 5) revealed critical components for selective interaction between both protein families as described individually and thus allowed a deeper inspection of the whole pool of the Dbl proteins based on the LARG, ITSN1 and Tiam1 sequences and structures (Figs. 6B-D and Fig. S2 ; see legend for details). These results along with the published experimental data and mutational analysis of Dbl and Rho proteins (data list not shown) allowed us to propose a subdivision of 57 Dbl proteins out of 74 into the three major Rho-, Rac-and Cdc42-specific subfamilies. Interestingly, we found that out of 74 Dbl proteins 46 are mono-specific for Rho-, Rac-and Cdc42-selective proteins, 5 bispecific for Rho-and Cdc42-selective proteins, and 6 are oligo-specific for all three Rho protein subgroups (Fig. 7) . Other Dbl proteins, which are not included, were either inactive or did not fulfill the requirements for subdivision under the given conditions.
Do Rif and RhoD need GEFs?
An interesting finding of this study is that none of the Dbl GEFs investigated showed activity towards RhoD and Rif. This observation is rather interesting and emphasis towards the unique status of these two Rho proteins. We have shown recently that the GDP dissociation from RhoD and Rif, similarly to Rac1b (44) and Wrch1 (82) , is faster than their activity to hydrolyze GTP (42) . This result is unexpected and surprising given that the intrinsic GTP hydrolysis reaction is conventionally much faster compared to the intrinsic nucleotide dissociation, indicating that the majority of the Rho family proteins exist predominantly in the inactive, GDP-bound form at steady state under resting conditions. We thus proposed that RhoD and Rif, unlike the conventional members of the Rho family, persist mainly in the active state under resting conditions (42) . This means that these proteins do not need to be regulated by GEFs if they are integral elements in slow cellular processes. However, RhoD and Rif are dependent on acute activation by GEFs in the course of fast signaling processes, such as regulation of actin dynamics (83) . Results of this study strongly support the notion that members of the Dbl protein family may not play a role in an activation of RhoD and Rif. Further studies are required to understand the mechanisms nature of RhoD and Rif regulation.
Mechanism of the GEF-catalyzed reaction
Protein-protein recognition and association define specificity in signal transduction. This task evidently becomes even more complex in the case of Dbl family proteins because their catalytic impact on the Rho protein nucleotide exchange need also to be considered. In fact, Rho protein activation by the Dbl family proteins is a sequential multi-step process, as reported in several studies (84) (85) (86) (87) (88) . It begins with the formation of a low affinity ternary complex (Rho·GDP·Dbl) that rapidly converts to a high affinity binary complex (Rho·Dbl) concomitant with the GDP dissociation. GTP binding leads to an unstable ternary complex (Rho·GTP·Dbl) that is converted to GTP-bound Rho after the dissociation of the Dbl protein. Such an activation process is achieved in cells due to a large excess of GTP over GDP. This study clearly indicates that the catalytic efficiency of the nucleotide exchange reaction underlies at least in part an associationcontrolled mechanism (Fig. 3, inset) . The molecular basis for the recognition of the GDPbound Rho proteins by Dbl proteins is unknown since the Rho proteins in all structures of Dbl-Rho protein complexes are in nucleotide-free state. Dbl protein association with Rho proteins has been suggested to be mainly dependent on the 2-3 regions of the Rho proteins (57, 58) . In a detailed mutational study, Karnoub et al. (2001) identified in the Tiam1 DH domain several critical amino acids upstream of the conserved region III (CRIII) that are essential for the association with Rac1·GDP. These residues, which are poorly conserved, seem to be important for Tiam1-like proteins rather than for Rac1-selective Dbl proteins (Fig. S2) . The crystal structure of Arabidopsis thaliana Rop4·GDP in complex with its GEF PRONE (89) has provided interesting insights into the Rop4-contacting regions of PRONE, including the P-loop, switch I, the β1 strand, part of the switch II, and the end of the insert helix. However, PRONE does not share any sequence homology to the DH of the Dbl proteins at all. To date there is no structure of a Dbl protein complex with GDP-bound Rho proteins available that could shed light on the DH-/DH-PHcontacting regions of Rho proteins.
CONCLUDING REMARKS
The last ten years have seen an explosion of information concerning Rho GEF function, but there are still many significant questions that remain unanswered. This study support the notion that DH domain recognizes its substrates and represents the catalytic machinery of the Dbl proteins, which requires a tight regulation in time and space in a cellular context (14, 29) . One of the major questions is how each Dbl protein is recruited to its site of action. In addition to the catalytic DH domain, the majority of Dbl family proteins contain various other domains, which can determine the cellular distribution. At present, the list of binding partners of the Dbl proteins is relatively small. Identification of additional interacting partners will help establish both the mechanisms of intracellular targeting and possible modes of upstream regulation, including the posttranslational modification and the activation of the Dbl proteins through the release of their catalytic DH domain from the autoinhibition. A second major question is why there are so many Dbl proteins? It is evident that at least one representative of each Dbl subfamily must be expressed in each mammalian cell type, as it has been shown in brain cells (90) . While it is clear that Dbl family proteins act at different stages in the exo-/endocytotic pathway, cell polarity, adhesion and cell motility and migration, a challenge for the future is to define the subcellular sites in one and the same cell and to determine the mode of Dbl protein activation by upstream signals. Both conditions will enable us to evaluate the biological relevance of our data originate from in-vitro measurements. The interacting residues (<4 Å in distance) were determined using 13 available the crystal structures of Dbl-Rho protein complexes (Tab. S1). They are aligned onto the DH-PH tandem (59 residues) and the G domain (36 residues) of the Dbl and Rho proteins, respectively. Highly conserved interacting residues in all Dbl and proteins are shown in cyan. For a better orientation the number of LARG and RhoA residues and the switch regions of the Rho proteins are shown. Interacting residues are color-coded on the basis of their substrate selectivity as indicated (top left). Different subfamilies, as proposed in this study, are highlighted in different background-colors. Numbers (0-13) in the colored-boxes illustrate the number of the respective contacts found in 13 structures. Residues depicted in green are residues crucial within corresponding subfamilies. Residues depicted in the PH domains contribute to the interaction with the Rho proteins. 
